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devices for operation in the THz regime the experiment results also indicated that
MgO tunnel barriers are less than a completely successful tunnel barrier material
for NbN Josephson device applications.
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INTRODUCTION

The objective of this research program was to develop advanced

superconducting tunnel junctions for application in superconducting local

oscillators and superconducting mixers operating in the Terahertz (0.2 - 2.0 THz)

frequency regime. The research was focused on the development of stable, all

refractory, high-critical-current-density, small-area tunnel junctions based on NbN

superconducting thin films. A successful process for the fabrication of - 1 pm 2

NbN-MgO-NbN Josephson tunnel junctions was developed with the junctions

having critical current densities > 104 A/cm2. Such junctions were found to be very

rugged and reliable. In experiments in which such junctions were coupled

capacitively to a nearby, on-chip, Josephson junction detector, the NbN junctions

were found to be effective voltage-tunable oscillators from 300 GHz to above 1.4

THz. Direct measurement of the response of the detector junction indicated that the

oscillator voltage was typically 1.5 mV in amplitude. This indicated that the

Terahertz oscillator power was of the order-of 0.5 gW, of which, due to impedance

mismatch, 0.01 gIW was typically coupled into the detector junction. This power is

quite adequate for local oscillator applications in Terahertz mixer applications that

might employ a superconducting SIS detector. However, a narrowing of the

oscillator linewidth by some means, such as through the use of a strip-line

resonator, will be required for practical applications.

In addition to demonstrating the ultra-high frequency capability of high-critical-

current density NbN junctions this research project also identified several problems,

both process and materials related with the NbN-MgO-NbN tunnel junction system.

These problems included device heating at the necessarily high critical current

densities, difficulties in obtaining reproducible (i.e. repeatable critical current)

junctions at the high critical current densities required and the excessive high level



of I/f noise found in the tunnel junction. The first problem was solved by careful

device design. The latter two are more fundamental and strongly point to the

conclusion that an alternative tunnel barrier material should be developed to

replace the less than satisfactory MgO barrier in the NbN tunnel junction system.

DISCUSSION

This research project began with the objective of demonstrating the capability of

Josephson junction local oscillators and detectors for successful device operation in

the ultra-high, Terahertz, frequency regime, 0.3 to 3.0 THz. To operate successfully

at very high frequencies a Josephson tunnel junction must have sufficiently high

conductance per unit area such that the junction resistance is comparable to, or less

than, the junction's shunt capacitance. Since the conductance per unit area of a

Josephson tunnel junction is directly proportional to its superconducting critical

current density J, the above condition is equivalent to requiring that for frequencies

above 200 GHz, we must have Jc - 104 - 105 A/cm2. In general it has proven difficult

to reliably produce tunnel junctions with sufficiently thin tunnel barriers to yield

this range of values of Jc. Moreover when such junctions were produced the quality

of the resultant I-V characteristic was such that there were serious questions about

the nature of the Josephson currents at high bias voltages which approach the gap-

sum voltage, which by the ac Josephson relation is equivalent to very high

frequencies.

Accordingly, we began our research effort by examining the behavior of

Josephson devices that were fabricated in an unique double-edge-junction structure.

This structure readily permitted the fabrication of pairs of very high critical-current-

density Josephson junctions with comparably good I-V characteristics and with a

design that optimized cooling of the active device area by facilitating rapid diffusion

of quasiparticles from the active device area. Using one junction as a voltage-
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tunable Josephson oscillator and the other as a Josephson detector these devices

permitted direct measurement of the oscillating Josephson pair current from bias

voltages (oscillating frequencies) ranging from 1.20 mV (600 GHz) to 1.8 mV (900

GHz). The Josephson junctions used in this measurements employed Nb and Sn

electrodes and accordingly this voltage range extended from well below the gap sum

region up to and slightly past the gap-sum voltage. These preliminary results

directly demonstrated that large ac Josephson currents are certainly obtained in the

ultra-high frequency regime, even if the tunnel junction characteristic is less than

ideal.

Following this initial feasibility demonstration, our attention turned to

developing an NbN thin film and small area, high Jc tunnel junction technology

and then to implementing this technology in the fabrication and testing of a

NbNl.xCx Terahertz oscillator chip. A successful process for reactively sputter

depositing rather high quality NbNl.xCx (NbN for short) thin films at or near room

temperature was developed. This room temperature deposition process was

required in order to be compatible with the entire fabrication procedure for the

Terahertz oscillator chip, a procedure that ultimately involved a considerable

number of separate deposition and lithography steps. A trilayer NbN - MgO - NbN

deposition process was then developed, which when combined with a high

resolution photolithography and reactive etching procedure resulted in the

formation of small area (- 21Lm 2) high critical current density (Jc > 104 A/cm 2)

tunnel junctions with acceptable, if not ideal I-V characteristics. The successful

development of this challenging junction fabrication process was a major milestone

in the research program.

With the satisfactory development of a NbN - MgO - NbN junction technology,

the research effort then focused on the design and fabrication of a Terahertz

oscillator test chip. This chip consisted of NbN Josephson junction oscillators
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capacitively coupled to small area (0.1 gm2) Josephson junction detectors. In order

to separate out the frequency response of the detector from that of the oscillator

junction, the detector was chosen to be a Nb - Nb2O5 - Sn edge junction. The design

of the device structure was carefully optimized to minimize local heating of the

Josephson oscillator and detector junctions and to maximize coupling of the

Josephson oscillator voltage to the detector junction. The total Terahertz Chip

fabrication process involved more than 10 thin film layers and numerous

fabrication steps. After considerable efforts complete chips were successfully

fabricated and extensively tested.

The Josephson junction oscillator tests were rather successful. The NbN tunnel

junctions typically had Jc - 4 x 104 A/cm 2 and were directly measured with the

detector junction to produce an oscillating junction voltage of - 1.5 mV. The

detected rf voltage level was found to remain essentially constant from 300 GHz to

above 1 THz. Typically the oscillator was found to produce approximately 0.5 gW of

Terahertz radiation of which, due to impedance mismatch, 0.01 gW was coupled

into the detector junction. This power level is more than adequate for the purposes

of a local oscillator in a Terahertz receiver application. Of course now that the

feasibility of a NbN based Terahertz oscillator has been experimentally established,

the extension of this device to a resonantly coupled stripline array of such junctions

to increase the output power and narrow the oscillator linewidth, as has been done

with Nb junctions at lower frequencies, appears to rather straightforward.

One aspect of the oscillator junction results that was a bit surprising was the

finding that the ac supercurrent response of the Josephson junctions at voltages

(frequencies) above the gap-sum voltage (frequency) did not follow the predictions

of the widely accepted Werthamer theory of the Josephson effect. Instead the ac

supercurrent amplitude was found to decrease much more rapidly as the oscillating

frequency was increased above the gap-sum frequency than predicted theoretically.

. . ,, I



This measurement is actually in accord with much earlier, previously unexplained,

results on the ac response of Josephson junctions that were obtained in a different

and less direct measurement. Thus this rapid decrease in ac supercurrent amplitude

may be rather general, but it has not yet been established whether the disagreement

is due to a fundamental problem with the theory or to less than ideal behavior in

real tunnel junctions. We are continuing to search for a successful explanation for

this observation and note that it does appear to limit the useful range of Josephson

junction oscillators to frequencies not much greater than the gap sum frequency.

Since for the best quality NbN junctions this upper limit is approximately at 2.5

THz, this does not currently appear to be a very restrictive limit.

Following our successful demonstration of the Terahertz oscillator chip,

attention then turned to the fabrication of a second generation, all NbN junction

chip that would have permitted tests of the Josephson oscillator to still higher

frequencies as well as tests of several very simple two-junction coupled oscillator

designs. Unfortunately equipment problems and the difficulties of maintaining a

reliable MgO tunnel barrier process prevented this effort from being successfully

completed before the end of the funding period.

This final effort did have the effect of concentrating our attention onto the

properties of the MgO tunnel barrier. From a variety of analytical and tunnel

junction studies of these barriers it seems quite clear now that the choice of an MgO

barrier for NbN tunnel junctions leaves quite a bit to be desired. Both in our

experiments and in experiments performed elsewhere it is a general fact that the

best results that have been obtained with deposited MgO layers is considerably below

that which has been obtained with, for example, Nb2O5 barriers formed by thermally

oxidizing the NbN base layer. Of course Nb2O5 cannot be used with a NbN

counterelectrode due to its instability during NbN (or Nb) condensation. The NbN -

MgO - NbN junctions are also quite inferior with regard to reproducibility and
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quality when compared to the almost universally used Nb-(AI)- A1203 - Nb junction

technology. While MgO barriers were originally introduced with the NbN system

because of the fairly close lattice match between NbN and MgO the problem appears

to be that this lattice match does not remove the very strong effect on junction

properties caused by the high level of stress that is found in sputter deposited NbN

films. It appears that this stress, on an atomic scale, results in structural instabilities

in the MgO layer which in turn results in the formation of leakage paths through

the barrier and in a considerable variation in barrier resistances for nominally

identical junctions. The existence of these instabilities is directly seen in the

extremely high values of excess low frequency or 1/f noise that is found in these

junctions, both those fabricated at Cornell and in several that we tested that were

supplied by Dr. Brian Hunt of JPL. In a separate experimental program we had

previously determined that 1/f noise in tunnel junctions arises from atomic scale

fluctuations of structural defects in the tunnel barrier. Thus the fact that these MgO

barriers exhibit 1/f noise levels that are typically two orders of magnitude greater

than that generally seen in the better quality Nb20 5 and A120 3 tunnel barriers is a

clear signal of fairly fundamental problems with the NbN - MgO - NbN tunnel

junction technology.

CONCLUSIONS

This research project was intended to examine the nature of the ac Josephson

effect in the Terahertz frequency regime and to develop a high critical current

density, small area, all NbN junction technology that would be suitable for local

oscillator and perhaps for Josephson mixer applications in the Terahertz regime.

We have fabricated such junctions and have successfully demonstrated Josephson

oscillator performance in the frequency regime extending from 300 GHz to above 1.5
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THz. The results are more than sufficient to show that practical realizations of

Josephson devices in this frequency regime can be readily achieved. While

departures from the accepted Josephson theory at frequencies above the gap-sum

frequency were clearly observed, the power level and overall behavior of the

Josephson oscillator below the gap-sum frequency is in quite reasonable accord with

expectations. Extensions of the oscillator results to the case of coupled junction

arrays should be expected to result in practicable oscillators for Terahertz receiver

systems. Materials problems arising from the choice of MgO for the tunnel barrier

were identified and attributed to structural instabilities in the tunnel barrier, most

probably caused by the high levels of stress in the various thin film materials

comprising the tunnel junction. A important conclusion to be drawn from this

work is that MgO does not appear to be a fully satisfactory answer to the need for a

tunnel barrier material that is compatible with an all NbN junction technology.

The most important step that could be taken to significantly advance the feasibility

of Josephson junction applications based on NbN thin films would be to undertake

a focused effort to develop an improved tunnel barrier material as a successful

substitute for MgO.

PUBLICATIONS

More complete details of results arising from this research program can be found

in the technical publications that are appended to this report. A very complete

report can be found in the Ph. D. thesis of Dr. R. P. Robertazzi, Cornell University,

Ithaca, NY (1990), unpublished. Copies of this thesis can be obtained from the

Principal Investigator upon request.



JOSEPHSON TERAHERTZ LOCAL OSCILLATOR

R. P. Robertazzi, R. A. Buhrman
School of Applied and Engineering Physics
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Abstract b0Nbs

Voltage tunable Josephson junction Terahertz oscilla- A03
,rs have been fabricated using rugged, high current density
bN1 .C, tunnel junctions with M&O barriers. The radia-
on emitted from such junctions is. detected on chip by a sec- N NbIAi
nd Josephson junction which is capacitively coupled to the
rst. For oscillator junctions with a critical current density of A1203 M9 -- ; AO
, - 3.5 x 10 A/cm 2 we find that the junction oscillates with a :: ::: ] •

oltage amplitude of 1.5 mV. The detected RE voltage levelAub
emains essentially constant from 300 GHz. to above 1 Tliz,
he upper limit of the detector. From measurements of the Detector Generator
sephson step height in the detector IV it is determined that I- 2 Im -1

he oscillator junction is producing 0.5 pW of Terahertz radi-
tion of which, due to impedance mismatch, 10 nW is coupled Figure 1: Integrated thin film microstructure used in the ic-
ito the detector junction. cal oscillator experiments. The bimetallic layers are shown as

single layers for clarity. Vertical scales are greatly exaggerated.
Introduction

The production and detection of sub-mifllimeter wave sig-
als for communications systems and radio astronomy applica. an edge type 3 utilizing a Nb base electrode with a native oxide
ions presents severe engineering problems for even state of the Nb2 0s barrier and Sn counter electrode. In normal operation
rt compound semiconductor (GaAs) devices. For this reason the mesa junction is biased to serve as the local oscillator and
here has been much interest in the application of Josephson the edge junction serves as a Josephson RF detector. A Nb-Sn
inctions as high frequency, voltage tunable oscillators. Al. detector junction was used in this experiment to permit the
hough the power available from a single device is low the use. study of the response of a Josephson junction at frequencies
f these devices in a coupled array configuration could signifi- well in excess of the gap sum frequency.
antly boost the available power 1 . The focus of our research The fabrication process starts with unoriented sapphire
rogram has been the development of a device in which a high substrates onto which a bimetallic Nb/Au wiring is deposited
urrent density NbN-.,C,/MgO/NbN-,C 3 tunel junction using standard photoithographic lift-off techniques. Onto
i capacitively coupled to an S5 detector junction to measure these substrates a NbN_.,C./MgO/NbNi_.C. trilayer is
he high frequency response of then junctions when biased to sputtered without breaking vacuum. NbNt_,C. is reactively
erve as local oscillators. Our results indicate that NbN, -,C sputtered from a Nb target in an Ar/N1/C4 ambient 4.s with
inctions can be successfully employed as local oscillators at no intentional substrate heating. The films are characterized
-equencies well above 1 TEX. by a high transition temperature (Tc = 15.5 K) and sharp

transition width (AT , 0.1 K). To obtain this result we find
Device Fabrication that very close control of the sputter gas ambient pressure and

composition are requited. MgO barriers are RF sputtered in a
In figure I is shown a schematic representation for the 10 militors Ar ambient.

itegrted thin film microstructure used in this experiment. It After the trilayer depoition the fimi we chemically
Dusts of two SIS devices coupled at RF frequencies but DC ter the trilayer int far m i30 betched to remove most of the trilayer except for areas 30 pam
olated so that each may be individualy biased. One junction

a trilayer mesa type 2 formed with NbN_..C, base and square over the active device area. The final 2 pm x 2 pm

Dunter electrodes and an MgO barrier. The second junction is junctions ae defined by reactive ion etching of the larger 30
pm squares using photo resist as a mask. The etch mask also
serves a a lift-off stencil fo the insulation of the sides and

fanuscript received August 22, 1988. base electrode of the junction in a d aligning process very
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Figure 2: Scanning electron micrograph of generator - detector 40

device. Detector

20

similar to the one developed by Shoji et. &1.3 After reactive
ion etching in &20% 0/CF4 plasma A-- 03 is electron beamO I -
evaporated and lifted of. Al2 s is used as a insulator because -

its low dielectric constant (eALo. - 5) ' keeps parasitic load-
ing of the oscillator to a minimum. After insulation, lift-off
stencils are applied for wiring patterns to contact the counter -20
electrode. The counter electrode is etched with an ion mill.
followed immediately by the deposition of Al (2000 A) and Nb (b)
(400 A). The Al provides a low strain, high thermal conductiv- -40
ity path away from the junction which along with the Au base -4 -2 0 2 4
electrode wiring helps to minimize self heating of the oscilla-
tot under bias, an important feature of this design in light of V, mV
the requirement of high current density and the relatively low
thermal conductivity of NbN 1.sC,. Once the oscillator con- Figure 3: (a) IV characteristic of generator, Je = 3.5 x

tact process is complete the Nb layer is chemically anodized T 104A/cm2 , R, = 1.9fl. (b) IV characteristic of detector.

to grow 350 A of NbIOS, (eN. 2O. = 29) 6. This insulating layer J= 2.3 x 103A/rn2, R. = 110f.
forms the dielectric of the coupling capacitor. Over this 1500
A of Nb is sputtered. followed by 2000 A of A2O. This last
layer forms the base electrode for the detector junction. An in-
ert ion beam is used to etch the edge of this thin film stack, af- A = 130pm (correcting for the dielectric constant of Al2 O3).
ter which a counter electrode stencil is applied, through which which is much longer than the 10 im length of line between the
the tunnel barrier is formed by reactive ion beam oxidation generator and detector. Consequently we may approximate the
3 The counter electrode is deposited and lifted of. An SEM phase of the signal as being constant over the length of the con-
photo of the completed device is shown in fgue 2. Of course pling structure and use a simple AC circuit to model the device.
through use of NbN1 _.C. for the base and counter electrodes The equivalent circuit is shown in figure 4. C, represents the
the minimum operating temperature of the integrated ocila- coupling capacitor, L, and Cp the paraitic inductance and ca-
tor - detector microstructure could be raised to 10 K. A typical pacitance respectively associated with the coupling structure.
current - voltage (IV) curve of a high current density gener- For the dimensions shown in figure 1 we have C,= 0.T pf, L,
ator is shown in figure 3a. The gap sm of the detector (1.8 = .24 ph, and Cp = 0.05 p. This means that at an oscillator
mV) is somewhat reduced from the full theoretical value (2 frequency of 2 T~s., for oscillator impedances of - In, de-
mV) because of impurities in the Nb film. The generator gap tector impedances of . 20n or greater, the coupling efficiency
sum is reduced from 5 mV to 4 mV because the NbN,-_,C, is ip = V/V,, where Vd is the amplitude of the detected signal
off stoichiometry. Figure 3b shows the IV characteristic of the and V is the amplitude of the oscillator sigalt the genera-
detector junction taken with the generator junction unbiased. tor approachan unity. For the device whose IV characteristics

are shown, taking the normal state resistances of the junctions.
Equivalent Circuit Rg - 1.9n, Rd = 1100, and -w 1. In this demign q remains

close to unity even fr frequesci down to 100 G~s., which

The edge jnetion base electrode togsthsr with the c . represents a range of over a factor o 20 in rqucy over which

mon An wiring forms a tranmission line which is capacitively the coupling efficiency is essentially unity.

coupled to the generator. The tr-ical generator operating fre- When DC biased, the generator will produce an oscillating
quncy is I Ts. At this fequency the signal wavelength is.
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leftS 30

F15 N =2

Detector G"oe

Figure 4: Equivalent circuit model of the double tunnel junc. -15
tion device.

voltage signal Vg at a frequency determined by the Josephsoni 30
reain-4 -2 0 2 4

f - 2eV,../h. (1) VmV
Here Vii., is the average voltage across the junction. V. will
be determined by the total capacitive loading of the generator. Figure 5: IV characteristic of detector junction with generator
When the McCumber parometerfl, defined by' biased at Viies - 1.090 mnV. The N = I and N = 2 Josep~hson

steps are marked, as is the supercurrent (N = 0).
Ot - (2e/ft)(I.R,.)(R.C) (2)

is less than unity the junction is not capacitivel shunted and Here a - 2eVi/hJ - Vd/Vb.., and Jpvz) is the BesWe function
the mamdmum, V. obtainable is approximately r.4, at least fir of the firm kind o( order N. For the steps on the detector IV
%is,8 < 2A. in figure 5 both the generator and detector critical currents

At T = 0 the I.R. product is related to a throug A, were Suppressed by 4 magnetic field used to allow biasing the
AmbeguokarBaratof t '1 relation generator at this low frequency. The detected power is thus

reduced. BY taling the ratio of the current widths of the N =
I.R6  (3) 0 And N4 - 1 steps and using equation (4) we may solve for a.2 eThis is MOMe accuate than applying equation (4) directly since

Thus larger oscillator signal amplitudes, as well as higher fi. flux trapping makes the Precise determinatiol of L, diffcult.
quences, are possible with higher A materials. This in part Assuming a coupling effiiencY Of Unity we find V, = 1.34
of the motiation in the choice of NbN,..,C. iorthe gera.- MV,58% of thesazsmm vaue of 2. mVst by tefR
tot bae and counter electrodes. The capacitance in expresin product in the low 0. limit. While according to equation
(2) is the total capacitance seen by the generator at the oscil. (2) to achieve the 9, . 1 limit a critical current density of
lation frequency which by design of the coupling structure is J. 3 x IOOA/em 2 is required we find that with a hysteretic
dominated by the junction capacitance. For a deposited MgO Iv characteristic and a generator critical current density of
barrierl10A thick this capacitace is C -. 3 pfasm ing J, - 3.5 x104A/CM2 an RFpowe of12 aW is bing cou-
emgo = 9.72. This gives #5.(gem) = aso the generator in pled intothe on detector junctiolL This corresponds to a
partially shunted and its IV characteristic is hysteretic. The peak generator powe Vf3'1R-0. Wwhcispol

degree of hysteresis shown in figue 3a is consistent with nu coupled into the detector because of the large impedance ,,s-
inerical estimates. match (30 : 1) of the detector and generatlor. Thus we find

that single, unshUnted, tunnel junctions can emit a com parably
Osacillator Performance high level of submillimeter wave radiation eve when the crit-

ical Currant density . - 104 A/cm2 is such that the junction
When the generator is DC biased and if it emits radiation is Partially hysteretic and P, > 1.

of sufficient power constant voltage steps will be induced in the
IV of the detector at integral multiples of V,, I. Figure 5 Generater saw Heoming
shows the detector characteristic with the generator bsaaed at
1.090 OV. The N = I and N sm2 step are clearly visible, as In designisig the bisng stucurw he wSIN heating of thewell as the depression of the supercurrent (N so0 step). The ucinaebasadtelal-nteprue
detector amat RF frequencies a low impedance generator, geeetor ad re birant oatis An tmerauren
consequently it is appropriate to model the detector as being as the etectornn imotbang stddrctre, As aea esinca
driven by an RF voltage source. According to the voltage ofe btaine c ai the chrctesi IL he gnrcan

biaed heoy ~theuseof he tk ndued tepis ive by tor with the samuple cell filled with Hfe gas and then filled with

Jiv(D (4) He liquill to in-Pro"e thermal contact to the bAh. We have ob.
Alm - III IO~. () served negligible changes in the gap sum voltage under these
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two conditions and conclude that self suppression effects of the
generator are small at these current densities, assuming that, Acknowledgements
as is generally the case, heat transport away from the junction
is substantially increased by the presence of liquid He. Another This work was sponsored by Air Force contract F19628-86-
means of examining device heating is to monitor the local tern- K-0034 with RADC, funded by SDIO/IST and by the National
perature at the detector by measuring the Sn gap as a function Science Foundation through use of the facilities of the National
of power dissipation of the generator. At a bath temperature Nanofabrication Facility and of the Cornell Materials Science
of 1.5 K, we find that biasing the generator at 24 1W will raise Center.
the temperature of the detector, which is only 12 jm from the
generator, 2.2 K when only He exchange gas is present in the References
sample cell. With liquid He in the cell more than 5.5 times
more power is required to produce the same temperature rise. [1] J. E. Sauvagesau, A. K. Jain, J. E. Lukens, IEEE Trans.
When biased at the gap edge the generator dissipates 7.5 pW, Magn., Mag-23, page 1048, 198T.
so with liquid introduced into the cell adequate heat sinking [2] Akira Shoji, Masahiro Aoyap, Shin Kosaka, Fujitoshi Shi.
should be obtainable with generator current densities well into nod, Hisao Hayakawa, AppL Phys. Lett., 46. page 1098, 1985.
the 10 A/cm2 range. Of course it is possible that if the heating [3] A. W. Klensamser, R. A. Buhrman, AppL. Phys. Lett., 37,
is more localized self heating of the oscillator could begin to page 841, 1980.
be a problem in this higher current density range. Since our [4] S. A. Wolf, D. U. Gubser, T. L. Francavill, E. F. Skelton.
experiments demonstrate that Je 5 x 10'A/cm2 is adequate J. Vac. Sci. Technol, 18, page 253, 1981.
for Terahertz operation this should not be a concern. Using [5] H. D. Hall=n, Private Communication
an all NbN1.. C. detector junction would further reduce the [6] B. W. Davis, Infrared Physics, 22, page 91, 1982. Value of
effects of small temperature rises on detector performance. ,'A,S extrapolated from low frequency IR transmission data

on sapphire.
High Frequency Pair Current Response [7] ft. E. Joynson, C. A. Neugebuer, J. R. Rairden, J. Vac

Sci. Technol., 4, page 171, 1967.

We have measured the frequency dependence of the pair [8] S. Basavaiah, J. H. Greiner, J. AppL Phys., 47, page 4201.

current response as the generator bias is tuned through the gap 1976.

sum of the detector. At frequencies approaching and in excess [9] D. E. McCumber, J. AppL Phys., 39, page 3113, INS.
of the gap-sum the expression (4) is no longer valid and the full [101 V. Ambegaokar, A. Baratof, Phys. Rev. Lett. 10, page
high frequency theory which takes into account the frequency 486, 1963.

dependence of the pair current must be used 13. With the ap- [11] S. Shapiro, Phys. Rev. Lett., 11, page 80, 1963.
plication of the frequency dependent theory we find good gen- [12] S. Shapiro, A. R. Janus, S. Holly, Rev. Mod. Phys., 36.
eral agreement with experiment up to the gap sum frequency page 223, 1964.
but above this frequency the the Josephson response decays (13] N. R. Werthaner, Phys. Rev., 147, page 255, 1966.
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on even more closely coupled tunnel junctions . Our results
do indicate that the generator with its higher gap sum is func-
tioning at frequencies at least up to 1.4 T~x. Experiments
with a higher gap sum detector junction are now in progress
to examine this ultra high frequency limit in more detail.

Conclusions

In conclusion, we have designed, developed, and fabricated
an integrated thin film microstructure for the study of the per.
formance of high current density, unshunted Josephson tunnel
junctions as high frequency local oscillators. The local oscil-
lator is directly coupled to the detector by an RF capacitor,
to achieve highly efficient broad band coupling. We have suc-
ceeded in coupling nearly 60% of the maximum LO voltage
signal available into an SIS detector junction over a frequency
range from 300 GHz. to 1.0 above T~x. The incorporation of
an all refractory detector junction into the device would raise
the minimum operating temperature to 10 K, in the range of
closed cycle He refrigerators. Furthermore, there is a possibil-
ity of nmoin this device for Terahertz heterodyne mixing
applications.
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1. Abstract SlOE

Recent coupled Josephson junction experiments in our lab-
oratory have demonstrated that high critical current density N

tunnel junctions can serve as effective local oscillators at fre- ] 1

quencies up to and in excess of the gap sum frequency of the 'Att S

junction, i.e. well above 1 Terahertz for a niobium or niobium
compound tunnel junction. While the details of the behavior of
such a THs. oscillator were found not to be in accord with the TOP
predictiona of the accepted theory of the A.C. Josephson effect
in the gap region signifcant radiation could be capacitively IA E ,CTWO@m
coupled from the oscillat junction to an adjacent junction,
sufficient for SIS mie experiments at Teraherts frequencies.
Research efrts are now under way to further extend and ex-
pand these studies. A high criticl current density .ll NbN
tunnel junction system is now under development for Terahertz
application and a new set of coupled Josephson oscillator - SIS F
detector experiments is being initiated using NbN tunnel jumc- tigne Double coupled tunnel juwction device in cros sec-
tios. In this paper we will review the original coupled junction
high frequency experiments and report on the recent progress
of the current NbN tunnel junction experiments.

which consisted of two high current density capacitively cou-
2. Introduction pled tunnel junctions shown in figure 1. The device consists

of two junctions formed on the edges of a thin film stack [1].
The production and detection of sub-millimeter wave sig- The capacitive coupling arises through the thin 500A layer of

ails for communications systems and radio astronomy appli- A12 O3 separating the base Nb electrodes. Reactive ion beam
cations presents severe engineering problems for even state of oxidation was used to form the tunnel barrier, over which the
the art compound semiconductor (GaAs) devices. SIS tunnel counter electrode was deposited (Sn in this case). The equiva-
junctions used as mixers have been demonstrated to show supe- lent circuit model of this device is shown in figure 2.
ror perfiormace over semiconductor (Super Schottky) mixer For a Josephson tunnel junction to serve as an effective
elements for hquencies less than 100 GlI. Theoretical pre- local oscillator (LO) its capacitive shunt impedance must be
dicticns indicate that quantum limited detection sensitivity is higher than its normal state impedance A, at the desired LO
possible in high quality SIS devices at these and higher fre- frequency, and its dynamic impedance at the bias point should
qu cia. Our research program has focussed an several goals. be as low as possible for a narrow oscillator line width. This
We have investigated the high frequency p current response necessitates the fabrication of high current density junctions
of a Josephson tunnel junction for use a a local oscillator for or alternatively resistively shunting the junction which reduces
heterodyne detection ot THE These experiments will the LO power and leads to the requirement of fabricating junc-
be described in the next section. Currently, we are also de- tion arrays. For LO's the McCumber parameter P, defined by
veloping all refractory, high current density Josephs= tunnel
junctians for localo cillatexperiments at higherf ,equecies. , = (2e/ftXI R.)(RC) (1)
Refractory junctions e desirable because their durability &I- i otraine to be lem than 1. Here is the critical current,
lows them to survive post junction fabricatioU procesing so and C is the junction capacitance. By biasing the the device
they may be incorporated into practical, very high frequency with a constant D.C. current an average D.C. voltage Vb,.. will
detection circuits. develop across the junction. In accord with the A.C. Josephson

effect, an A.C. voltage will develop acr the junction, the
S. Previos Experihn frequency of the oscillation being determined by the Josephson

Our previous work involved the fabrication of a device relation
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Eqn. (4) implies that LO power may be increased by using to others developed previously. A NbN/MgO/NbN trilayer is

13



o :0 Trdaer Depowtou

AbN

*WQ*0 @0 0 a0ig

T, 15.5 K
ja &T 0. 10 K

Etch

14.0 150 16.0 17.0 16.0 19.0 20.0 .

Figure 4. Resistance vs. temperature for a typical NbN film.
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sputtered, without breakhing vacuu over a sapphire wafermwth .U20,
Au contact pads previously deposited. The trilayer is etched, RIE
As with awet etch and then with W E to define the 2x 2

junction& A1N. is used to insulate the junction sides and-.

ba elcrd iig0ute pooihgah eie the

in the removal of heal from the junction while the junction is __________________

6.Figure 6a shows thelV charactisiof ajunction with a Cotc

critical current density J, = x 103 A/cm2 , V - l2mV., andMWCUorU
24 =4.mV. Figure 6b sho theIV of ahigher current den- ' LC~
sity junction, J..= 4 x Acm

2
, V. mV., and 2A - 4mV. [on

Future process work will concentrate on raising 2A, Vm,, and *Nb--

.J, We have subjected these devices to post junction fabri- .er -r *i
cation photoithographic processing as wll as thermal cycling7
between 300 K and 4.2 K, and have found them to be quite m.

durable. 7_______ 1__
Our ultimate goal is to produce high quality junctions

with a critical current density of 5 x 1eA/cm2 So S 1- Of Figure5. Fabrication process for all refractory NbN/MgO/NbN
course in such high current density junctions con-equilibrium Josephson tunnel junctions.
and local imting problems will likely be a serious concern.
But previous experiments in out laboratory with small area,
high current density tunnel junctions have shown that such
effects can be alleviated through the use of efficient fan-out .. (.,) 2 .,2 ... (VO)Coth.v-) +
geometries that permit the rapid difusion of non-equilibrium
quamparticles from the active junction are eQp(Vs)Cth(0eV2) + 2eqj,_.,,( V)coth(8eV.)J (5)

Our initial experimental goal is to use thee n high current Her [pj, 1qp, and I9p-P... ae the pair, quasiparticle
density junctions to utake more preis and unambiguous nl"and quasiparticle - pair interference currents at a voltage V,
sureU5S1 of the pair current respone of a Josephson tunnel rspecivey. Ad is the dynamic resistance of the doee at the
junctiao at dequtcies does to and peater than the ap n .. bias point V. and D - 1/, T. Since the liwidth is propor-
We papose to establish the suita ty of such junctions ' us tional to the square of the dynamic resistance it is leer that the

as LOs for heterdyne mixin of Tz. signas. The line width most favorable operating point for a junction biased to ser v as
of a Josephson junction oscillator biased at a D.C. voltage Vs a local oscillat is at the gap edge where Ad is smallest. U
has the theoretical form [21: device parameters that we have achieved faor NbN/MgO/NbN
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In conclusion, we have investigated the feasibility of using

2mV. -, high current density Josephson tunnel junctions as very high

frequency local oscillators. Experiments with capacitively cou-
pled junctions demonstrate that sufcient power can be cou-

,6 pled out of the junctions at frequencies in excess of I THz. We

have developed an all refractory NbN/MgO/NbN tunnel junc-
tion process to raise both the LO power output and frequency.
as well as the operating temperature of the device to the 10 K
range. Future work wl include raising the current density of
theme junctions as well as capacitively coupling them to a sec-
ond junction to extend our measurements of LO power output
to frequencies above 2 THz.
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Figure 6. IV characteristics of several junctions; (a) .4 =
5 x 1OA/cm2  (b) J. = 4 x OIWA/cm 2.

tunnel junctions biased at the gap edge, Rd = 2!n, T = 10 K
and 1, = 200pA we And that

" -,-.s~,. 4 x 10-6 (6)
SL 2.23 . xlM 8

which should be suitable for mixing down to an IF frequency
of 100 GHz. With a factor of 10 reduction of Rd at the gap
edge, which is not an unreasonable goal the line width would
be further reduced by a factor of 100. Such a reduction in R4
could probably be achieved through the fabrication of junctions
with improved characteristics, or through the use of a stripline
resonator or junction arrays.
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NbN Josephson Tunnel Junctions for Terahertz , )gcinators

R. P. Robertazzi, R. A. Buhrman
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2501

Rugged, high current density, NbN(C)/MgO/NbN(C) tunnel junctions have been fabricated
and tested as voltage tunable Josephson junction terahertz oscillators. The emitted radiation
from these junctions is detected on chip by a second junction which is capacitively coupled
to the first. For oscillator junctions with a critical current density of .4 - 4 x 104A/cm 2

we find that the junction oscillates with a voltage amplitude of - 1.5 mV. The detected RF
voltage level remains essentially constant from 300 GHz. to above I THz. The oscillator
junction is producing 0.5pW of teraherts radiation of which, due to impedance mismatch,
.01&W is coupled into the detector junction.

For some time there has been much interest in the ported elsewhere; here we focus on the performance of
application of Josephson junctions as high frequency, the NbN oscillator junction.
voltage tunable oscillators. Although the power avail- A typical current - voltage (IV) curve of a high cur-
able from a single device is somewhat limited the use rent density generator is shown in figure 2a. The gap sum
of these devices in a coupled array configuration could sum of the detector (1.8 mV) is somewhat reduced fromsignificantly boost the available power [1]. A Joseph- full theoretical value (2 mV) because of impurities in the
son junction local oscillator incorporated into a milime. Nb film. The generator gap sum is reduced from 5 mV
ter and sub-millimeter wave receiver system, perhaps in to 4 mV because the NbN(C) is off stoichiometry. The
conjunction with a superconductor - insulator - super- edge junction bae electrode together with the common
conductor (SIS) mixer junction [2], is quite attractive. Au wiring forms a trasmission lie which is capacitively
In order to maximize both the osillation frequency and coupled to the generator. The typical generator operat-power output of such oscillators high current density ing frequency is I Thz. At this frequency the signal
tunnel junctions with large superconducting energy gaps wavelength is I = 130 pm (correcting for the dielectric
must be employed. NbN tunnel junctions appear attrac- constant of A 203, AI, = 5 [7]), which is much longer
tive for this application because of the large energy gap than the o03 length of line between the generator and
of NbN as well as its high transition temperature which dete Conseentl we the hase
would allow operation in closed cycle refrigerators. Thus detector. Consequently we may approximate the phase
questions are raised concerning the successful fabrica of the signal as being contant over the length of the cou-
tion, cooling, and oscillation behavior of high current pling structure and use a simple AC circuit to model the
density NbM tunnel junctions. In this paper we report device. The equivalent circuit is shown in figure 3. C,
on a capacitively coupled Josephson oscillator - Joseph- represents the coupling capacitor, Lp and Cp the para-
son detector experiment that ddrenes them questions sitic inductance and capacitance respectively associatedsond dteto dexment that addresse thetions can be with the coupling structure. For the dimensions shown
ad that demonstrates that NbN junctions cant be suc-

cesfully employed as local oscillators at frequencies well in figure 1 we have C,= 0.7 pf, L, = .24 ph, and C.
above I Ths. = 0.05 pf. This means that at an oscillator frequency

of 2 Thz., for oscillator impedances of - i, detector
The schematic for the integrated thin film mi- impedances of -200 or greater, the coupling efficiency

crostructure used in this experiment is shown in figure 9 = Vd/V,, where V is the amplitude of the oscillator
1. It consists of two SIS devices coupled at RI frequen- signal acros the detector and V is the amplitude of the
ies but DC isolated so that each may be individually oscillator signal at the generator approaches unity. For

biasd. One junction is a mesa type [3] formed with the device whose IV characteristics are shown, taking
NbN(C) (4,51 base and counter electrodes and an MgO the normal state resistances of the junctions,R = 1.90,
barrier. -The second junction is an edge type (6] utilizing 14 = 1100, and ,~ 1. Furthermore r remains close to
a Nb base electrode with a native oxide NWOs barrier unity even for frequencies down to 100 Gilz.,which rep.
and Sn counter electrode. In normal operation the mesa resetas a rage of over f factor of t inre el oer
junction is biaed to serve as the local oscillator and whit& the coupling efficiesel is esestisllt suity.
the edge junction serves as a Josephson RF detector. A When DC biased, the generator will produce an os-
Nb-Sn detector junction was used in this experiment to cillating voltage signal V at a frequency determined by
permit the study of the response of a Josephson junction the Josephson relation
at frequencies well in excas of the pap sum frequency.
Details of thoe particular observations as well as the f = 2eVu/h ()
complete fabuication process for the device will be re-

16



Nbo ibao s  3

Al 2 Generator

Nb NI

-M -2
Ostector Gersbor (a)

I'1-i -3 I

-6 -3 0 3 6
Figure 1: Integrated thin filn microstructure used in
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Here V , is the average voltage across the junction. I' N 2

will be determined by the total capacitive loading of the 0 N=i
generator. When the McCumber parameter fe defined N . 0
by [8) N o

0. = (2e/h)(I=R)(RC) (2) -20

is less than unity the junction is not capacitively shunted
and the maximum V obtainable is approximately I R,, (b)
at least for Vbi,, < 2A. Because the IR product is -40
proportional to A, larger oscillator signal amplitudes, as -4 -2 0 2 4
well as higher frequencies, are possible with higher &
materials. This is part of the motivation in the choice of V,mV
NbN(C) for the generator base and counter electrodes.
The capacitance in expression (2) is the total capacitance Figure 2: (a) IV characteristic of generator, Je = 3.5 x
seen by the generator at the oscillation frequency which 104A/cm2 , R,, = 1.90. (b) IV characteristic of detector,
by design of the coupling structure is dominated by the J, = 2.3 x 103A/Cm 2 , R, = IIO with generator biased
junction capacitance. For a deposited MgO barrier 10 A at Vu,, = 1.090 mV. The N = I and N = 2 Josephson
thick this capacitance is C = 0.3 pf assuming e'uo = 9.6 steps are marked, as is the supercurrent (N = 0).
[3]. This gives 0e(gen) = 5.8 so the generator is partially
shunted and its IV characteristic is hysteretic.

When the generator is DC biased and if it emits ra-
diation of sufficient power constant voltage Shapiro steps critical currents were suppressed by a magnetic field used
will be induced in the IV of the detector at integral mul- to allow biasing the generator at this low frequency. The
tiples of VU., [9). Figure 2b shows the detector char- detected generated power is thus reduced. By taking the
acteristic with the generator biased at 1.090 mV. The ratio of the current widths of the N = 0 and N = I steps
N = I and N = 2 steps are clearly visible, as well as the and using equation (3) we may solve for a. This is more
depression of the supercurrent (N = 0 step). The detec- accurate than applying equation (3) directly since flux
tor sees at RF frequencies a low impedance generator, trapping makes the precise determination of I, difficult.
consequently it is appropriate to model the detector as Assuming a coupling efficiency of unity we find
being driven by an RF voltage source. According to the V = 1.54 mV, 58 % of the maximum value of 2.66 ntV
voltage biased theory [101 the size of the Nth induced set by the IR product in the low 3 limit. While accord-
step is given by ing to equation (2) to achieve the & I limit a critical

current density of Je = 3 X 10'A/aM2 is required we find
that with a hysteretic IV characteristic and a generator

AIN = IeIJN(C)I. (3) critical current density of . = 3.5 x 104A/cm2 an RF
power of 12 nW is being coupled into the 110 detector
junction. This corresponds to a peak generator power of

Here a = 2eV/hf = V/Vu.,, and JjN(z) is the Bessel V,12/2Rg = 0.6 pW which is poorly coupled into the de-
function of the first kind of order N. For the steps on the tector because of the large impedance mismatch (50 : 1)
detector IV in figure 2b both the generator and detector of the detector and generator. Thus the requirement on
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crator is functioning at frequencies at least up to 1.4
1 o.Wg.,u THz. Experiments with a higher gap sum detector junc-

tion are now in progress to examine this high frequency
limit in more detail.

LO cc In conclusion, we have fabricated a double tunnel
junction device for experiments in using high current
density Josephson tunnel junctions as high frequency lo-
cal oscillators. The local oscillator is directly coupled

T"c, to the detector by an RF capacitor, which allows highly
efficient broad band coupling to be realized. We haveIi succeeded in coupling at least 58% of the maximum LO
voltage signal available into an SIS detector junction overot.tct .. LG .trsto a frequency range from 300 GHz. to 1.0 THz. The ap-
plications of a refinement of this device to heterodyne
mixing are obvious. The incorporation of an all refrac-

Figure 3: Equivalent circuit model of the double tunnel tory detector junction into the device would raise the
junction device. minimum operating temperature to 10 K, in the range

of closed cycle He refrigerators.
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